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CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to United States Provisional Patent Application Serial 

No. 60/407,392 filed August 30, 2002 and entitled "Method and Apparatus for a Variable 
Resistor Configured to Compensate for Non-Linearities in a Heating Element Circuit," and is 
incorporated herein by reference. 

FIELD OF INVENTION 

[0002] The present invention generally relates to the control of heating elements and, more 

particularly, to an improved variable resistor configured to at least partially compensate for non- 
linearities in an electrical circuit containing a heating element. 

BACKGROUND OF THE INVENTION 

[0003] It is desirable to employ relatively compact and simple passive components to provide 

control of resistive loads. For example, variable resistors are often employed to provide some 
measure of control over heating elements and the like which are typically configured in series 
with an appropriate voltage source. In this way, the variable resistor effectively functions as a 
controllable voltage divider. 

[0004] Certain advantages would be provided by a variable resistor that could compensate for 

non-linearities inherent in even simple heating element circuits. That is, as both the total current 
through the resistive heating element as well as the voltage across the heating element are a 
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function of the variable resistance, the relationship between dissipated power in the heating 
element is related to the position of the variable resistor in a non-trivial manner. This can be 
unsatisfactory in many applications where the consumer or user has an expectation that the 
application in which the variable resistor is deployed should have a linear response with respect 
to the position of the variable resistor (e.g., a slider, dial, knob, or other such user interface 
mechanically coupled to the variable resistor). 
[0005] One such application where an improved variable resistor would be advantageous is in 

the field of vapor-dispensing devices. In general, vapor-dispensing products typically include a 
volatizable material and a transport system configured to facilitate evaporation of the volatizable 
material into the surrounding air. For example, in some systems, a liquid is contained in a 
reservoir bottle; in others, a wax material is used. The housing, which may protrude from a wall 
outlet (and may thereby supply the voltage source), facilitates the evaporation of the volatizable 
material into the environment. In such devices, the heating element is thermally coupled to the 
volatizable material and/or any wicks or other material delivery components. In such a case, it 
would be desirable for the evaporation rate to be at least partially linear with respect to the 
position of the variable resistor. 

SUMMARY OF THE INVENTION 

[0006] While the way that the present invention addresses the disadvantages of the prior art will 

be discussed in greater detail below, in general, the present invention provides an improved 
variable resistor configured to at least partially compensate for non-linearities in an electrical 
circuit containing a heating element, for example, a thin- film heating element. 
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[0007] In accordance with one embodiment of the present invention, a controllable heater 

includes a heating element, a voltage source (for example, a standard AC electrical outlet) 
coupled to the heating element, and a variable resistor coupled to the heating element and 
voltage source. The variable resistor includes a fixed resistive element (for example, one or 
more thin- film resistors) and a moveable element such as a slider control. The moveable 
element adjustably contacts the fixed resistive element at a contact point associated with the 
position such that the variable resistor has a resistance that is at least partially non-linearly 
related to the position, but wherein the heating element has a dissipated power that is at least 
partially linearly related to the position of the variable resistor. 

[0008] In accordance with one embodiment of the present invention, the fixed element may 

include one or more thin-film resistors having a width that varies continuously or 
discontinuously over its length. Such a heater may be used, for example, in conjunction with a 
vapor-dispensing device that is thermally coupled to the heater, and which may contain various 
volatizable materials such as oils, waxes, or the like. 



BRIEF DESCRIPTION OF THE DRAWING FIGURES 

[0009] A more complete understanding of the present invention may be derived by referring to 

the detailed description when considered in connection with the Figures, where like reference 
numbers refer to similar elements throughout the Figures, and: 

[0010] Fig. 1 illustrates a heating circuit in which the present invention may be deployed; 

[0011] Fig. 2 is a graph depicting the non- linear relationship between variable resistance and 

dissipated power; 
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Fig. 3 is a schematic illustration of a heating element and variable resistor in accordance 
with one embodiment of the present invention; 

Fig. 4 depicts a fixed resistive element comprising a pair of thin-film resistors of varying 

widths; 

Fig. 5 is an isometric view of an exemplary thin- film resistor; 

Fig. 6 depicts a fixed resistive element comprising a pair of thin-film resistors having 
discontinuous or "stepped" widths; 

Figs. 7A-7D are qualitative graphs of exemplary relationships between dissipated heater 
power and slider position; 

Fig. 8 is a schematic block diagram of a system employing a controllable heater in 
conjunction with a vapor delivery device in accordance with the present invention; 

Figs. 9 A and 9B depict thin film resistive elements in according with alternate 
embodiment of the present invention. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS OF THE INVENTION 

The following description is of exemplary embodiments of the invention only, and is not 
intended to limit the scope, applicability or configuration of the invention in any way. Rather, 
the following description is intended to provide a convenient illustration for implementing 
various embodiments of the invention. As will become apparent, various changes may be made 
in the function and arrangement of the elements described in these embodiments without 
departing from the scope of the invention as set forth herein. For example, in the context of the 
present invention, the method and apparatus described herein may find particular use in 
connection with vapor-delivery systems such as air- fresheners and the like. Generally speaking, 
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however, the present invention may be used in conjunction with any application requiring a 
controllable heat source such as a thin film resistor heat source. 

[0021] Fig. 1 depicts an exemplary circuit 108 in accordance with the present invention. In 

general, a voltage source 102 having a voltage V (e.g., an AC or DC source) is connected in 
series with a resistive heating element 106 (having an associated voltage K H and resistance Ru) 
and a variable resistor 104 (having an associated voltage Vs and resistance i?s). A current / is 
responsive to the total circuit resistance, e.g., Z?s+^?h 

[0022] The nature of this circuit is such that the power dissipated by heater 106 is non-linearly 

related to the resistance of variable resistor 104. This is due to the fact that the dissipated power 
of heater 106 is a function -of the total current in the circuit as well as the voltage across heater 
106, and both of these values are a function of the resistance of variable resistor 104. More 
particularly, the dissipated power P H of heater 106 is given by: 

[0023] P H =IV H =I(V-V S ) (1) 

[0024] while the total circuit current is given by: 

100251 "jrk; <2) 

[0026] Substituting equation (2) into equation (1) and simplifying, the power generated and 

dissipated by the heater can be expressed as an inverse polynomial given by: 



[0027] 

[0028] P H = C, 



1 



Rs + C 2 R S + C 3 ) 



(3) 



[0029] where: 

[0030] C, = V 2 R H , C 2 = 2R H , C3 = R H 2 
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In view of the relative complexity of equation (3), it is difficult to produce a dissipated 
power Ph which varies linearly with the position of variable resistor 104. More particularly, 
referring now to the qualitative graph illustrated in Fig. 2, the power dissipated by heater 106 
(curve 202) decreases as the variable resistance increases, but the rate (or slope) of the curve 
also decreases. As such, less control (or coarser control) of dissipated power is provided at low 
resistance values, and greater control (or finer control) of dissipated power is provided at high 
resistance values. Similarly, the power dissipated by variable resistor 104 also varies non- 
linearly with its own resistance value. 

The non-linearities shown in Fig. 2 can lead to unsatisfactory results in a context where a 
user has an expectation that the controller will behave linearly. That is, a variable resistor 104 
might typically include a slider, knob, dial, or other such interface which is manipulated by a 
user to produce a particular heater setting. These setting may be indicated by words, symbols, 
tick-marks or any other such indicia. For example, an "H" may be provided at one end of a 
slider (or one setting of a knob) to indicate a "high" setting (i.e., a low variable resistance value), 
and an "L" may be provided at the other end of the slider or knob to indicate a "low" setting 
(i.e., a high variable resistance value). Assuming that the resistance value R s is a function of a 
characteristic distance d along a slider such that R s = f(d), where d is a dimensionless 

parameter ranging from 0 to 1.0, if the resistance value of the variable resistor varies linearly 
with position, e.g.: 

R s = K»J (4) 

where i?max is the maximum resistance of the device, then the dissipated power of the heater will 
also vary non-linearly with the slider setting. 
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[0035] Consider, for example, the system of Fig. 1 wherein voltage source 102 is a standard 115 

VAC voltage source, the resistance of heater 106 is a relatively constant 4852 Ohms, and the 
resistance of variable resistor 104 varies linearly from 8232.0 Ohms to 0.0 Ohms as the slider 
(or other interface) is moved from a "High" setting to a "Low" setting. It can be shown, using 
equation (3) above, that the dissipated power of heater 106 then varies from 2.73 Watts to 0.37 
Watts. However, the mid-point along the heating curve, ((2.73-K).37)/2) = 1.55 Watts, occurs at 
approximately the three-quarter point on the slider, closer to the "High" setting rather than 
midway between the "High" and "Low" settings. 

[0036] In accordance with the present invention, however, a variable resistor includes a fixed 

resistive element and a moveable element configured such that the variable resistor has a 
resistance that is at least partially non-linearly related to the position of the variable resistor and 
has a dissipated power that is at least partially linearly related to the position. 

[0037] Referring now to Fig. 3, a controllable heating apparatus 300 suitably includes a heating 

element 306 operating in series with a variable resistor 308. A pair of terminals 302 and 304 are 
provided for connecting to an appropriate power source (not shown). Variable resistor 308 
includes a moveable element 310 and a fixed resistive element 308. Moveable element 310 (for 
example, a conductive material such as copper, steel, or the like) is configured to move laterally 
along fixed resistive element 308 from a low setting 314 to a high setting 312 and makes contact 
with resistive element 308 at one or more points, depending upon the number of positions that 
moveable element 310 may occupy. That is, moveable element 310 may move continuously 
along resistive element 308, or may have a plurality of discrete defined positions along the 
length of resistive element 308. For example, moveable element 310 may simply have two 
discrete positions ("High" at position 312, and "Low" at position 314), three discrete positions 
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(the former configuration with an additional "Medium" setting approximately half-way between 
positions 312 and 314), or any number of discrete positions defined in an arbitrary manner along 
the length of resistive element 308. 

[0038] While the moveable element 310 of Fig. 3 is illustrated as a slider, the present invention 

is not so limited. A variety of devices and interfaces may be used in connection with moveable 
element 310, including various knobs, dials, screws, thumbwheels, and any other such 
component currently known or later developed. Furthermore, while the path of moveable 
element 310 is illustrated as Cartesian (i.e., translation along a line), variable resistor 308 may 
also be configured in a polar coordinate space, e.g., as a dial having a moveable element 310 of 
a given radius that rotates around and contacts resistive element 308 at a plurality of 
characteristic angles. Indeed, any arbitrary path for moveable element 310 may be used. 

[0039] Heating element 306 suitably includes one or more heating components such as thin-film 

resistors, coils, and/or the like. In the illustrated embodiment, heating element 306 comprises a 
serpentine pattern of thin-film resistive material. The resistivity and geometry of heating 
element 306, as well as the range of currents which are applied to heating element 306 via 
movement of element 310, may be selected to afford any desired range of temperature values. 
In an exemplary embodiment, heating element 306 has the following thermal characteristics: a 
temperature of approximately 140°F to 160°F at a "high" setting a temperature of approximately 
100°F to 130°F at a "medium" setting; and a temperature of approximately 110 to 120°F at a 
"low" setting. 

[0040] Fixed resistive element 308 comprises one or more resistive components such as coil 

resistors, thin-film resistors, or any other such component now known or later developed. In the 
illustrated embodiment, resistive element 308 includes two thin-film resistors 316 and 318 
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configured substantially in parallel from one end (314) to the other end (312) deposited on a 
suitable substrate 402 (e.g., a plastic or printed-circuit-board (PCB) material). It will be 
understood, however, that any number and combination of such resistive components may be 
employed. 

[0041] Thin- film resistors 316 and 318 suitably comprise any suitable thin-film material, 

including, for example, TaN, NiCr, or any other such resistive material deposited on substrate 
402 in accordance with any conventional or later-developed deposition technique. 

[0042] The embodiment illustrated in Fig. 3 operates in the following way. As moveable 

element 310 (or any type of dial, slider, or other component coupled to element 310) is 
positioned along resistive element 308 (e.g., by a user wishing to change the heater setting), 
moveable element 310 contacts thin-film resistors 316 and 318 at a corresponding set of points, 
resulting in a circuit from terminal 302, through heating element 306, through the segment of 
thin-film resistor 308, through moveable element 310 and the corresponding segment of thin- 
film resistor 316, and back to terminal 304 which, along with terminal 302, contacts a suitable 
voltage source (not shown). The resistance of variable resistor 308 is then equal to the sum of 
the resistances of the two segments of thin- film resistors (316 and 318) extending from the 
points of contact of moveable element 310 to the "high" setting 312. 

[0043] As the resistance of variable resistor 308 increases, the total current through the circuit 

decreases, as does the voltage drop across heating element 306. Consequently, the heat 
dissipated by heating element 306 decreases. In this way, the dissipated power of heating 
element 306 may be controlled by the positioning of moveable element 310. 

[0044] As discussed briefly above, the present invention provides a variable resistor variable 

resistor exhibiting a resistance that is at least partially non-linearly related to the position of the 
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variable resistor and has a dissipated power that is at least partially linearly related to the 
position of the variable resistor. In this way, the variable resistor can partially compensate for 
non-linearities inherent in the circuit. In accordance with one aspect of the present invention, 
one or more attributes of thin-film resistor 316 and/or 318 may be varied along its length to 
provided the desired relationship between position and resistance. 

For example, the resistance of a segment of thin-film material is given by: 

*j- = — t (5) 

where p is the film resistivity in ohm cm, d is the length of the resistor, w is the width of 
the film, and t is the thickness of the film as shown in Fig. 5. It is then suitable to vary the width, 
thickness, and/or the resistivity of the thin film resistor over its length. 

Referring now to Fig. 4, a variable resistor in accordance with one embodiment of the 
present invention includes a pair of thin film resistor segments 316 and 318 of varying widths 
on a substrate 402. Moveable element 310 may be positioned at a distance x between ends 312 
and 314 of the thin film resistors, which have a total length L. A dimensionless parameter d=xlL 
indicates the relative position of element 310 from "High" to "Low". 

The combined resistance of thin film resistor segments 316 and 318 is equal to the 
integral of the relation given in equation (5) above over the length of the resistive elements 
contacted by moveable element 310, that is: 



Utilizing equation (6), the width function w(x) may be selected to provide any suitable 
relationship between slider position (i.e., position of moveable element 310) and dissipated 
power. In this regard, w(x) may be a continuous function as illustrated in Fig. 4, or may be a 




(6) 
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discontinuous function. Referring to Fig. 6, for example, resistive elements 316 and 318 may be 
formed in a "stair-step" configuration characterized by a plurality of contiguous rectangular 
shapes in series from one end (312) to the other (314). In the illustrated embodiment, for 
example, thin- film resistors 316 and 318 each have four discrete widths at various points along 
their lengths. 

[0052] In accordance with one embodiment of the present invention, the variable resistance is 

proportional to the square root of the slider position, e.g., R s =R max -Jd . A variety of other 

mathematical relationships may be desirable in a particular context, including, for example, a 
logarithmic function, a polynomial function, or a combination thereof. Alternatively, the width 
of the various thin-film resistors may be determined empirically and/or through the use of 
iterative techniques such as finite element analysis. Furthermore, the various thin-film resistors 
may be laser trimmed in-situ to further customize their characteristics. 
[0053] While the embodiments shown in Figs. 4 and 6 depict thin-film resistors with 

substantially identical shapes, it will be appreciated that the present invention contemplates 
embodiments wherein the thin-film resistors differ in shape and type. For example, thin-film 
resistor 316 may have a series of discrete widths while at the same time thin- film resistor 318 
has a continuously varying width. Furthermore, as shown in Figs. 9A and 9B, the thin-film 
resistor may include any number of geometrical variations which achieve the desired variation 
in resistance. For example, referring to Fig. 9A, thin film resistor 316 may comprise a serpentine 
pattern of thin- film material in having a diminishing pitch. Alternatively, as shown in Fig. 9B, 
the shapes of one or more of the thin film resistors may be modified such that the geometric 
relationship between the two curves results in the desired relationship between the position of 
moveable element 310 and total resistance. In the illustrated embodiment, for example, thin film 
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resistive element 318 diverges from element 318 in accordance with an exponential or 
polynomial function. 

[0054] The configuration of thin- film resistors 316 and 318 may be selected to produce a 

power/position curve which is at least partially linear in a number of respects. Referring now to 
the exemplary graphs shown in Figs. 7A-7D, the fixed resistive element may be configured to 
produce any suitable relationship between dissipated power and slider position. For example, as 
shown in Fig. 7A, the power/position curve 702 may be substantially linear within its operation 
range. That is, while equation (3) above is itself non-linear, it is continuous, and therefore may 
be manipulated (through the choice of a suitable relation for R s ) to produce a curve which has a 
linear appearance within a desired range. 

[0055] Fig. 7B shows an embodiment wherein the power/position curve is non-linear but 

includes a predetermined point 704 corresponding to a dissipated power 712 and slider position 
710 substantially coinciding with the desired linear relation. That is, as illustrated in Fig. 7B, the 
half-way point for dissipated power (712) corresponds to the half-way point for slider position 
(710), even though curves 706 and 708 on either side of point 704 are non-linear. This 
embodiment is particularly desirable in systems which include "high", "low", and medium 
settings. 

[0056] Alternatively, as shown in Fig. 7C, the curve may be discontinuous in that it includes a 

plurality of non- linear segments 714 separated by discontinuities 716. The embodiment shown 
in Fig. 6 may be configured to exhibit such a relation. Similarly, as shown in Fig. 7D, the curve 
may be discontinuous in that it includes a plurality of discrete constant power regions 718 
separated by discontinuities 720. 
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[0057] While the curves shown in Figs. 7A-7D are monotonically decreasing, the present 

invention contemplates that the dissipated power might actually rise briefly within one or more 
regions of the curve. That is, as long as the dissipated power curve is at least partially linear in 
the sense that the system exhibits substantially linear behavior within a particular range or for 
particular values, then the variable resistor may be configured such that the dissipated power has 
a periodic or other non-monotonic characteristic. 

[0058] Fig. 8 presents a block-diagram of a system in accordance with one application of the 

present invention wherein a volatizable material such as an oil, wax, or the like is delivered to 
an environment 808 via an exemplary material delivery system 800. As shown, material 
delivery system 1 10 may suitably comprise a wicking structure 804 coupled volatizable material 
802 and optional venting structure 806. Wicking structure 804 is thermally coupled to heating 
element 106 (e.g, any of the various resistive elements described above), the temperature of 
which is suitably controlled via variable resistor 104. Heating element 506 is electrically 
coupled to a power source 102, wherein power source 102 comprises any voltage/current source 
capable of providing the necessary current and voltage for heating element 106 as described 
above. Suitable power sources include, for example, standard household AC outlets, one or 
more batteries, solar power, etc. 

[0059] In accordance with an exemplary embodiment, material delivery system 800 and 

volatizable material 802 form a self-contained unit that includes one or more plugs configured 
to attach to an electrical receptacle, for example, a duplex AC power outlet. The heating element 
106 then receives power indirectly from the AC outlet - i.e., through appropriate fixed and/or 
variable resistors. One or more fuseable links may be included to the circuit to prevent potential 
damage resulting from over-current conditions. 
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[0060] Further in accordance with an exemplary embodiment, wicking structure 804 includes an 

eminator pad (or simply "pad") which may or may not comprise the same material used for 
other components of wicking structure 502, which is thermally coupled to a thin film resistive 
element capable of heating the eminator pad to a range of surface temperatures. The thermal 
coupling wicking structure 804 and heating element 106 may be in the nature of conduction, 
convection, radiation, or a combination thereof. In one embodiment, for example, heat transfer 
between wicking structure 804 and heating element 106 is accomplished primarily through 
conduction. That is, wicking structure 804 may directly contact heating element 106 (through, 
for example, an interference fit and/or a compressive load) or may be thermally coupled to 
heating element 106 through one or more intermediary layers of plastic or other material. 

[0061] In summary, the present invention provides methods and apparatus for an improved 

variable resistor configured to at least partially compensate for non-linearities in an electrical 
circuit containing a heating element. 

[0062] The present invention has been described above with reference to various exemplary 

embodiments. However, many changes, combinations and modifications may be made to the 
exemplary embodiments without departing from the scope of the present invention. For 
example, the various components may be implemented in alternate ways. These alternatives can 
be suitably selected depending upon the particular application or in consideration of any number 
of factors associated with the operation of the system. In addition, the techniques described 
herein may be extended or modified for use with other types of devices. 
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